Peptide receptor radionuclide therapy (PRRT) is a promising new treatment modality for inoperable or metastasized gastroenteropancreatic neuroendocrine tumors (GEPNETs) patients. Most studies report objective response rates in 15-35% of patients. Also, outcome in terms of progression free survival (PFS) and overall survival compares very favorably with that for somatostatin analogs, chemotherapy, or new, 'targeted' therapies. They also compare favorably to PFS data for liverdirected therapies. Two decades after the introduction of PRRT, there is a growing need for randomized controlled trials comparing PRRT to 'standard' treatment, that is treatment with agents that have proven benefit when tested in randomized trials. Combining PRRT with liver-directed therapies or with targeted therapies could improve treatment results. The question to be answered, however, is whether a combination of therapies performed within a limited time-span from one another results in a better PFS than a strategy in which other therapies are reserved until after (renewed) tumor progression. Randomized clinical trials comparing PRRT with other treatment modalities should be undertaken to determine the best treatment options and treatment sequelae for patients with GEPNETs.
Introduction
The majority of gastroenteropancreatic neuroendocrine tumors (GEPNETs) express somatostatin receptors and can be treated with radiolabeled somatostatin analogs. The majority of patients that have been treated with this so-called peptide receptor radionuclide therapy (PRRT) had inoperable metastatic disease, and 70-90% of them had liver metastases (1, 2, 3, 4, 5). (Table 2) . Prognostic factors for predicting tumor response (CR, PR, or MR) as treatment outcome were high uptake on the Octreoscan, Karnofsky performance score O70, and low metastatic load to the liver. Median time to progression was 40 months from start of treatment. Progression of disease was more common in patients with an extensive disease or in a poor general clinical condition (Karnofsky score !70%, significant weight loss, the presence of bone metastases). Several of these factors that had a significant impact on PFS were also found in another study (10) . Median OS was 46 months (Table 2) . It may be postulated that (11) .
PRRT: efficacy
In a large group of (nearly 300) patients treated with PRRT and who had a long follow-up, it was shown that quality of life (QoL) and also symptomatology improved in 40-70% of cases, depending on the preexistence of a certain symptom (12) . This is important because the months to years that are gained after PRRT can only be called promising if the time that is gained is free of serious side-effects or symptomatology that affect QoL. By contrast, it was shown that the years gained after PRRT show an improved QoL, as judged by the patients themselves, according to a validated questionnaire (12) .
PRRT: side-effects
PRRT is generally well tolerated. Acute side-effects are usually mild and self-limiting. Nausea or, more rarely, vomiting is related to the concomitant administration of nephro-protective amino acids. Other, more subacute side-effects are related to the radiopeptide itself, such as fatigue, hematologic or renal toxicity, mild hair loss (observed with 177 Lu- (Table 3) . Proper kidney protection, with the co-infusion of positively charged amino acids, is mandatory in PRRT. With advances in expertise and knowledge about PRRT, cases of severe, end-stage, renal damage are currently very rare. However, despite kidney protection, loss of kidney function can occur after PRRT, with a creatinine clearance loss of about 3.8% per year for 177 Lu-octreotate and 7.3% per year for 90 . Studies have demonstrated that a higher and more persistent decline in creatinine clearance is more frequent if risk factors for delayed renal toxicity are present, particularly long-standing and poorly controlled diabetes and hypertension (18) . With adequate renal amino acid protection, grade 3-4 renal toxicity occurs in !3% of patients (Table 3) . One recent study, however, states a grade 3-4 renal toxicity in 9% of their patients (8) . This relatively high incidence could be related to relatively high activities administered per cycle and to the fact that patients with pre-existing reduced kidney function were not excluded from treatment. The possible lack of use of amino acids in the first years of this study must also be taken into account (19) .
Serious side-effects of PRRT on the bone marrow, such as MDS or leukemia, have been reported by various groups. An exact measure of these events is frequently hampered by their occurrence in heavily pretreated patients and the short follow-up of the patients. These events are rare and the causal relationship with PRRT may be controversial, because of the previous treatments, such as chemotherapy or radiotherapy. Their frequency seems higher after 177 Lu-octreotate than after 90 Y-DOTATOC, but also in analyses with long patient follow-up, their frequency does not exceed 2% of patients (D J Kwekkeboom, unpublished observation).
PRRT: variants
Over the last years, there have been a number of attempts to improve PRRT using different approaches.
From experiments in rats, it became clear that 90 Y-labeled somatostatin analogs may be more effective for larger tumors, and 177 Lu-labeled somatostatin analogs may be more effective for smaller tumors, while their combination may be the most effective (20) . Several retrospective, non-randomized patient studies seem to indicate the same (21, 22, 23) . A recent follow-up report on the efficacy of the combination of PRRT Seregni et al. (22, 24) reported an objective response rate in 43% of the cases, whereas in their initial report an objective response rate of 67% was found. Prospective, randomized controlled studies are needed to ultimately prove that PFS is better when using a combination of radionuclides. Several groups have investigated the feasibility of locoregional, i.e. intraarterial, administration of radiolabeled somatostatin analogs (25, 26, 27, 28) . It results in a higher uptake of radioactivity in liver metastases and tumor response rates seem higher than with i.v. administration. Long-term responses and toxicity are not available yet.
The application of radiosensitizing chemotherapeutical agents in the treatment of tumors with external beam irradiation may lead to increased anti-tumoral efficacy and another way to improve PRRT. After proving the safety of the combined therapy of 5-fluorouracil (5-FU) and PRRT, a randomized trial was started comparing treatment with 177 Lu-octreotate with and without capecitabine (the oral prodrug of 5-FU) (Xeloda; Roche) in patients with GEPNETs (29) . Results of another non-randomized phase II study treating patients with a combination of capecitabine and 177 Lu-octreotate demonstrated tumor control and stabilization in 94% of the 33 included patients. However, due to grade 3 capecitabine-induced angina, three patients discontinued the drug, but were able to complete the intended four cycles of PRRT (30) . Feasible results were also published for the combination of capecitabine and 90 Y radioimmunotherapy and 111 In-octreotide radiopeptide therapy (31, 32) . The use of radiosensitizing agents is, therefore, not limited to the combination of one specific type of radionuclide.
New applications of PRRT may include the neoadjuvant use of PRRT for pancreatic NETs. A few case reports have described the neoadjuvant use of PRRT in patients with pancreatic NETs who could be operated on successfully after PRRT (33, 34) . As surgery is the only curative option for patients with GEPNETs, this neoadjuvant treatment is very promising.
PRRT may also be used in an adjuvant setting after surgery of GEPNETs, preventing tumor development after spread due to manipulation of the tumor during surgery or preventing further growth of already present micrometastases. In an animal study, therapy with 177 Lu-octreotate prevented or significantly reduced the growth of tumor deposits in the liver after injection of tumor cells via the portal vein mimicking preoperative tumor spill (35) . To detect a difference in survival and/or tumor recurrence rate in patients treated with and without adjuvant PRRT, a large, multicenter trial with years of follow-up would be needed.
PRRT as salvage therapy
Although tumor response rates after initial treatment with PRRT are encouraging, CR is rare and eventually the residual tumor(s) will progress again. Retreatment with extra cycles of PRRT as salvage therapy may be considered when better alternatives are not available. It has been reported that 'salvage' therapy with two additional cycles of 177 Lu-octreotate does not lead to serious hematological or nephrotoxic side-effects. However, the tumor response rate was lower compared with initial treatment (36). It seems that long-lasting PFS after the initial treatment with PRRT also predicts a prolonged PFS after salvage therapy (37) .
Discussion
PRRT is a promising new treatment modality for inoperable or metastasized GEPNET patients (Fig. 1) . Complete and partial responses obtained after treatment with 90 Y-DOTATOC are in the same range as after treatment with 177 Lu-octreotate. Most studies report objective response rates in 20-35% of patients. Also, outcome in terms of PFS and OS (from 16 to 33 months, and from 22 to 46 months, respectively) compares very favorably with that for somatostatin analogs, chemotherapy, or new, 'targeted' therapies. They also compare favorably to PFS data for liver-directed therapies, i.e. embolization, chemoembolization, or treatment with 90 Y-labelled microspheres. However, several facts that may invalidate such comparisons should be considered: i) the patient populations that undergo liverdirected therapies or PRRT may be different (for instance patients who had Whipple-procedures are excluded from the first, whereas patients who have somatostatin-receptornegative tumors are excluded from the second); and ii) the results for PRRT pertain to patients with limited as well as extensive liver involvement. From multivariate analysis, it is known that patients extensive liver involvement perform worse (5, 10) . It may, however, be assumed that in patients with predominant liver disease, PRRT performs better in terms of PFS than liver-directed therapies.
There is a need for randomized controlled trials comparing PRRT to 'standard' treatment, that is treatment (38) . Also, treatment with everolimus (Afinitor; Novartis Pharmaceuticals), an inhibitor of mammalian target of rapamycin (mTOR), resulted in a longer median PFS than placebo (11 vs 5 months) in patients with pancreatic NETs (39) . The combination of PRRT with sunitinib or everolimus, or the sequential use of PRRT with one of these compounds, may be of interest in the treatment of patients with pancreatic NETs.
The next question to be addressed is then, whether combining PRRT with liver-directed therapies, or, for that matter, with targeted therapies, such as treatment with everolimus or sunitinib, could improve treatment results in terms of percentage objective responses, or, preferentially, PFS and OS. The results of such an approach in a sequential setting, i.e. 90 Y-microsphere treatment after failure to or reprogression after PRRT, were recently published and hold great promise (40) . The question to be answered, however, is whether a combination of PRRT and liver-directed therapy performed within a limited time-span from one another (for instance 3-4 months) results in a better PFS than a strategy in which liver-directed therapy is reserved until after (renewed) tumor progression. This same question can be asked for the combination of PRRT with chemotherapy with, for instance, temozolomide and capecitabine or with everolimus or sunitinib. Such combinations, in our view, are promising only of their result in a longer PFS/OS than when using a sequential approach, in which the second treatment is only started if the disease progresses after the first. A higher percentage of objective responses with a combinatorial approach may not be mistaken for a better treatment outcome, because with any of the two single treatments, a certain percentage of patients can be expected to have an objective response anyhow, and the added responses will always exceed the response of any single treatment. Also, it was shown in a large multivariate analysis that tumor response other than progressive disease did not result in significant differences in PFS or OS (i.e. patients with PR had no longer PFS than those with stable disease) (5) . It should also be kept in mind that in the vast majority of patients, the goal of treatment is not cure, but prevention of disease progression. With a limited number of treatment options, combining treatment modalities at the beginning may leave the attending physician empty-handed later on.
Conclusions
PRRT is a new and valuable treatment modality for patients with inoperable or metastasized GEPNETs. PRRT is generally well tolerated and acute side-effects are usually mild and self-limiting. Most studies report rates of 15-35% in terms of objective response rates. In terms of PFS and OS, PRRT compares favorably to registered pharmaceutical and liver-directed therapies. Combining PRRT with radiosensitizing chemotherapeutical agents or combining 90 Y and 177 Lu as tandem-treatment may improve the anti-tumoral efficacy. Another way to improve uptake of the radiopharmaceutical is by intraarterial administration in case of high tumor load in the liver. Randomized clinical trials comparing PRRT with other treatment modalities should be undertaken to determine the best treatment options and treatment sequelae for patients with GEPNETs.
